Abstract-Ecotoxicological effects of the diphenyl ether herbicide fomesafen, applied alone or in combination with the adjuvant Agral 90 (mixture of polyethoxylated derivatives of nonylphenol), were assessed on planktonic communities in 18-m 3 outdoor mesocosms during a nine-month study. Four mesocosms were treated with fomesafen only (nominal concentration: 40 g/L), four were treated with the mixture fomesafen-Agral 90 (nominal concentration: 40 g/L and 90 g/L, respectively), and four were kept as the controls. Five treatments were performed every three weeks from April 18, 2000. Mean (Ϯ standard error [SE]) values of fomesafen concentration in water of 62.5 (Ϯ5.3) and 19.4 (Ϯ7.6) g/L were measured at the end of the treatment period in fomesafen-and mixture-treated mesocosms, respectively. Fomesafen, either alone or in mixture with Agral 90, had a significant positive effect on the abundance and biovolume of Cyanobacteria, Cryptophyceae, Dinophyceae, and Bacillariophyceae. Chlorophyceae were inhibited by the herbicide and laboratory toxicity tests confirmed that green algae were more sensitive toward fomesafen than other algal classes. A positive effect of treatments on phytoplankton taxonomic diversity also was observed, indicating that, like natural disturbances of intermediate strength, xenobiotics sometimes may enhance the diversity of algal communities. Fomesafen alone did not have any clear effect on zooplankton. Abundance of calanoid copepods was reduced significantly in the mixturetreated ponds, suggesting either a direct effect of the adjuvant and/or an enhancement of herbicide toxicity by Agral 90. The abundance of other zooplanktonic herbivorous groups increased due to a reduced competition for food for herbivorous species and a higher availability of preys for predators. No algal bloom was observed in the treated ponds, presumably because of grazing pressure and the low availability of nutrients.
INTRODUCTION
Plant protection products increasingly are applied in combination with a growing number of adjuvants. For example, the number of registered adjuvants for herbicides increased from 76 at the beginning of 1990s [1] to more than 390 in 2000 [2] . Such an increase results from the development and use of contact herbicides, a better understanding of adjuvant role, and the manufacturing of new compounds [3] . However, although toxicological and ecotoxicological data usually are available for the active ingredients of plant protection products, they are less frequent for adjuvants alone [3] [4] [5] [6] and there is almost no data on the ecotoxicological effects of tank-mixes of pesticides and adjuvants under field conditions [7] .
Among pesticides, postemergence herbicides frequently are used in combination with compounds that enhance foliar coverage and leaf absorption, such as surfactants. The diphenyl ether herbicide fomesafen (5-[2-chloro-4-(trifluoromethyl)phenoxy]-N-[methylsulfonyl]2-nitrobenzamide) is a postemergence herbicide used for early control of broad-leaved weeds in bean and soybean crops [8] . The main target for diphenyl ether herbicides is the protoporphyrinogen oxidase (Protox), which is a key enzyme in the porphyrin biosynthesis pathway in animals and plants [9, 10] . Once Protox has been inhibited, exposure to light generates reactive oxygen species (e.g., singlet oxygen, hydrogen peroxide) that may cause damages to cell membranes [11] . Data on the toxicity of fomesafen for nontarget aquatic organisms are rare. The 48-h effective concentration (48-h EC50) for Daphnia magna is greater than 330 mg/L, whereas 72-h EC50 values of 44 g/L and 210 g/L have been shown to reduce biomass and growth rate, respectively, in the green algae Pseudokirchneriella subcapitata (http:// www.inra.fr/agritox/php/sa.php?sourceϭSOPRA&saϭ549). Some data indicate that it negatively interferes with reproduction in freshwater snails [7] .
Fomesafen is applied almost exclusively in combination with surfactants such as the polyethoxylated nonylphenol wetting and spreading agent Agral 90 (Sopra, Velizy-Villacoublay, France). Agral 90 contains a mixture of polyethoxylated derivatives of nonylphenol (NPnEOs) used as a tank-mix adjuvant with various herbicides, fungicides, or insecticides. Nonylphenol and/or NPnEOs have been identified as adjuvants in 211 pesticide products currently available for use in Canada [12] . Polyethoxylated derivatives of nonylphenol are nonionic surfactants that have been used intensively for more than 40 years. There has been a growing concern during the last decade about the environmental fate and effects of these compounds due to the discovery of the estrogenic properties of some of their biodegradation end-products, such as nonylphenol (NP) or nonylphenol mono-and diethoxylates (e.g., [12, 13] ). Effects of these degradation end products on the reproduction of daphnids also have been reported [14] .
Although extensive data are available on the toxicity of NP for aquatic organisms (e.g., [6] ), the ecotoxicity of NPnEOs is less documented. However, usually they are considered as less toxic than NP [6, 12, 15] and their acute toxicity decreases as the number of ethoxy-radicals increases. For example, the 48-h EC50 values range from 85 to 190 g/L for NP to 148 to 14,000 g/L for NP2EO and NP9EO, respectively in D. magna [16, 17] . The same pattern has been observed in the algae P. subcapitata with growth 96-h EC50 values of 410 and 12,000 g/L for NP and NP9EO, respectively [6] .
The aim of the present study was to assess the effects of fomesafen alone and in combination with Agral 90 on the planktonic communities of outdoor freshwater lentic mesocosms following repeated treatment. Additional tests were conducted in the laboratory on six algae species belonging to various classes in order to evaluate the effects of fomesafen, Agral 90, and the mixture of both compounds at the nominal concentrations used in mesocosms. This study was conducted as part of a comprehensive assessment of the consequences of the presence of the adjuvant on the fate and ecotoxicological effects of fomesafen in aquatic ecosystems.
MATERIALS AND METHODS

Mesocosm design
The study was conducted in outdoor ponds (6-m length ϫ 4-m width ϫ 1.20-m depth) located at the Rennes site of the Experimental Unit of Aquatic Ecology and Ecotoxicology (INRA, Rennes, France). Each mesocosm was lined with a Polyane film (Celloplast SAS, Ballee, France). Sediment (3 m 3 ) consisted of a mixture of sand (51%), clay (17.5%), and natural sediment (31.5%). The ponds were filled with 15 m 3 of tap water. After a six-month stabilization period, plants (Scirpus lacustris) and invertebrates (Anisus rotundatus, Lymnaea stagnalis, Asellus aquaticus, Tubificidae) were introduced. Water (ϳ500 L) from a freshwater reservoir of the Rennes area was passed through a 40-m mesh size plankton net. The content of the net was split into equal volume subsamples that were placed into separate glass vials. The volume of each subsample was adjusted to 100 ml with distilled water. One subsample then was introduced in each mesocosm. This procedure was performed two months before the beginning of the treatment period, and then repeated one month before the beginning of the treatment period. Spontaneous development of plants (Zanichellia palustris, Myriophyllum sp.) and colonization by insects (Chironomidae, Chaoboridae, Notonectidae, Coenagrionidae, Aeschnidae, Baetidae) further increased the ecological realism of the ponds. On May 25, 2000, four couples of adult mosquitofish (Gambusia affinis) were introduced in each mesocosm.
Experimental design and system dosing
Four ponds were used for treatment with fomesafen and mixture, respectively, and four untreated mesocosms were kept as the controls. FLEX pack (Sopra) provided formulated fomesafen (250 g/L, soluble concentrate of sodium salt) and Agral 90 (945 g/L polyethoxylated nonylphenols). Formulated fomesafen (nominal concentration: 40 g/L) and the mixture of formulated fomesafen (nominal concentration: 40 g/L) and Agral 90 (nominal concentration: 90 g/L) were applied to mesocosms every three weeks between April 18 and July 11, 2000 (5 treatments). The ratio between the nominal concentrations of the two compounds (2.25) was identical to the ratio used in agriculture. The chemicals were dissolved in distilled water and introduced just below the water surface using a portable, homemade spraying apparatus.
Physicochemical parameters
Dissolved oxygen, pH, and water temperature were measured weekly at 20 cm below the water surface using portable apparatus (Wissenschaftlich-Technische-Werkstätten [WTW], Champagne au Mont d'Or, France). Measures were made always between 10:00 and 11:00 AM Concentrations of nutrients (ammonium, nitrates, orthophosphates, total dissolved nitrogen, and total dissolved phosphorus) in water were measured monthly on 2-L depth-integrated samples collected in the middle of the mesocosms using a Plexiglass tube (1.5 m length, 6 cm inner diameter) fitted with a bottom-closing sphere attached to a hand-operated inner rope. Analyses were performed using spectrophotometric techniques [18] [19] [20] [21] .
Phytoplankton analysis
Chlorophyll a concentration was measured weekly on 0.1-to 1.5-L subsamples of 5-L depth-integrated water samples collected using the sampler described in the previous section in the middle of the ponds from March 15 to October 10, 2000. Subsamples were filtered on Whatman GF/C (Whatman International, Maidstone, UK) glass fiber filters (mesh size: 1.2 m). Pigment extraction was performed using 10 ml of an acetone/water (90/10, v/v) mixture and pigment concentration in the extract was determined according to the method of Lorenzen [22] using a double-beam Uvikon 943 spectrophotometer (UVK-LAB Technologies, Trappes, France).
Depth-integrated samples (2 L) for determination and counting of algae species were collected in each mesocosm using the sampler described earlier in nine evenly distributed points, every three weeks from April 11, 2000 (i.e., one week before the first treatment) until the day of the fourth treatment (June 20, 2000) and then every week until September 24, 2000. Samples were mixed in a 30-L container and a 0.1-L subsample was collected in an amber glass vial and stained immediately with lugol and neutralized formaldehyde (final concentration in sample: 4%, v/v).
The samples were concentrated on a polycarbonate membrane (1-m porosity, Osmonics, Minnekonta, MN, USA). Taxonomic identification and cell counts of concentrated samples were made using a photonic microscope with a Nageotte's counting cell [23] . For each sample, three to five 100-L subsamples were examined. A minimum of 500 cells were identified and counted for each subsample, ensuring that more than 100 cells have been counted for the most abundant taxa. Planktonic identification was made to the lowest feasible taxonomic level. Algal cell biovolume was calculated for each species as described by Hillebrand et al. [24] , based on the measurement of at least 25 cells per species. Results have been expressed as either cell abundance (cells/L) or algal biovolumes (m 3 / L).
Abundance data were used to compute the values of Margalef's diversity index and Simpson's dominance index
where S is the number of taxa and N is the total number of cells. 
where C i is the cellular density of taxon i and GALD i is the greatest axial linear dimension of cells of taxon i.
On each sampling date, size index value was calculated using data for the most abundant species (cumulative abundance of ϳ90% of the total cell number, i.e., from 8-10 species per sample).
Zooplankton analysis
Fifteen depth-integrated 2-L samples, evenly distributed over the surface of the mesocosms, were collected using the sampler described above every three weeks from April 11 to July 25, 2000. The resulting 30-L sample from each pond was concentrated through a 30-m mesh nylon net and was preserved in neutral aqueous formaldehyde/sucrose (4%, v/v per 40 g/L). Individuals were identified and enumerated in Dolfuss chambers under a stereomicroscope (maximum magnification: ϫ100).
Additional laboratory tests
To evaluate the range of sensitivity of algae to fomesafen and Agral 90, laboratory tests were performed using six algal species belonging to three different classes: Chlorophyceae (Chlorella vulgaris, Kirchneriella lunaris, Scenedesmus obliquus strain CCAP276/3A and Staurastrum polymorphum), Cryptophyceae (Cryptomonas sp. strain CCAP 978/28), and Bacillariophyceae (Cyclotella pseudostelligera strain CCAP 1070/3).
Algae were cultured in 500-ml Erlenmeyer flasks containing either autoclaved combo medium [26] for Chlorophyceae and Cryptophyceae or an SiO 2 -enriched (50 M) autoclaved WC medium [27] for Bacillariophyceae. Cultures were maintained under a 12:12-h light:dark photoperiod (Philips TLD 36 W/33 fluorescence daylight, ϳ2,000 lux) at 23ЊC, except for C. pseudostelligera, which was maintained at 15ЊC. Cultures were agitated by continuous air bubbling. The air pump was fitted with a 0.2-m porosity filter to prevent contamination of algal cultures by other microorganisms.
Assays were carried out in 500-ml Erlenmeyer flasks containing 250 ml of the appropriate autoclaved culture medium. Cultures in logarithmic phase were used for inoculation of the test media. Initial cell density in the test flasks was 10 6 cells/ ml, except for Cryptomonas sp. and S. polymorphum (initial cell density: 10 4 cells/ml). Algal growth was measured daily using absorption spectrophotometric measurements (680 and 750 nm; Spectronic 501 spectrophotometer, MiltonRoy, Rochester, NY, USA). Cell density values were determined using cell density-absorbance curves established during preliminary tests.
Cultures were exposed for 72 h either to fomesafen (nominal concentration: 40 g/L) or Agral 90 (nominal concentration: 90 g/L) or the mixture of both compounds (nominal concentrations: 40 g/L and 90 g/L for fomesafen and Agral 90, respectively). Untreated cultures were used as the controls.
Data analysis
Repeated measures analysis of variance (RM-ANOVA) was used to analyze the data obtained for the physico-chemical parameters, for the indices computed for phytoplankton (i.e., Margalef's diversity index, Simpson's diversity index, and size index), and for the abundance of the various zooplankton taxa. Three periods were considered in the analysis, the treatment period, the post-treatment period, and the whole study period, in order to detect possible transient effects of the treatments. When RM-ANOVA indicated that treatment had a significant effect, Newman-Keuls post-hoc test was performed to identify which treatment was significantly different from the controls. Analyses were performed using Statistica for Windows version 5.1 software (StatSoft, Tulsa, OK, USA).
Density data from laboratory tests were analyzed using RM-ANOVA. Computations were made with SuperANOVA software (Abacus Concepts, Berkeley, CA, USA).
Changes in the structure of planktonic communities were analyzed by the principal response curve (PRC) method [28] .
For phytoplankton, the PRC method was applied on data aggregated at various taxonomic levels (i.e., species, genus, and algal group) in order to assess the influence of taxonomic resolution on the output of the analysis. For zooplankton, analysis was performed using species-, genus-, or class-level data, according to the most practical level of taxonomic identification for each group. Before analysis, abundance values of zooplankton and phytoplankton were ln(2x ϩ 1) and ln(0.001x ϩ 1) transformed, respectively. Biovolume values of the phytoplankton were ln(0.001x ϩ 1) transformed.
The PRC analyses were performed using CANOCO for Windows software package, version 4 (Center for Biometry Wageningen, CPRO-DLO, Wageningen, The Netherlands).
For all statistical tests, significance was accepted at ␣ ϭ 0.05. For Monte Carlo permutation tests per sampling dates in PRC analysis, p-values between 0.05 and 0.10 were considered as indicative of a nonstatistically significant trend in the results.
RESULTS
Physico-chemical parameters
Results of RM-ANOVA indicated that physico-chemical parameters varied with time (p Ͻ 0.0001) but were independent of fomesafen or mixture treatment. Mean values and range recorded for the different groups of mesocosms during the entire study period are given in Table 1 . Data on the fate of fomesafen in water have been reported elsewhere [7] . In this study, as in the present investigation, concentration of fomesafen in water was significantly higher in fomesafen-treated ponds than in mixture-treated mesocosms. Maximum mean (Ϯ standard error) values of concentration at middepth recorded here were 62.5 (Ϯ5.3) and 19.4 (Ϯ7.6) g/L at the end of the treatment period in the fomesafen-and mixture-treated mesocosms, respectively.
Phytoplankton
Chlorophyll a concentration in the water column was very low in spring and increased in summer in all the mesocosms (Fig. 1) . A mean (ϮSE) concentration of 1.69 Ϯ 0.22 g/L was measured in the control mesocosms during the whole study period. Sampling date had a significant effect on this parameter (p Ͻ 0.0001). No effects of the treatments could be demonstrated (p ϭ 0.297, p ϭ 0.504, and p ϭ 0.379 for the treatment period, post-treatment period, and whole study period, respectively).
A total of 65 different phytoplankton taxa were identified in the twelve ponds during the whole study period. Chlorophyceae (green algae) was the most diverse class (40 taxa), followed by Bacillariophyceae (11 taxa) and Cyanobacteria (5 taxa). Before the first treatment, the phytoplankton community was dominated by green algae (more than 50% of the total number of cells) and Chrysophyceae (up to 40% of the total number of cells) in all the mesocosms. Bacillariophyceae, Dinophyceae, and Cyanobacteria also were present but at a lower abundance. At this time, taxonomic composition of the phytoplankton community exhibited a very high between-mesocosms variability. Only one species, Oocystis lacustris (Chlorophyceae) was recorded in all the mesocosms. Two taxa were found in eight ponds (Scenedesmus acuminatus, Navicula sp.) and six taxa were present in six mesocosms (Botryococcus braunii, Crucigenia crucifera, Cosmarium meneghinii, Peridinium spp., Tetraedon minimum, and Uroglena sp.).
The PRC analysis of phytoplankton abundance and biovolume data gave similar results ( Table 2 ). The PRC diagram only displayed a significant part of the treatment variance when data were considered at the class level (Fig. 2) . Betweenmesocosm differences before the first treatment were small. The patterns observed for abundance and biovolume data were very similar, with slight differences in the results of MonteCarlo within-dates tests for difference. Monte-Carlo permutation tests indicated that a significant amount of the variance explained by the treatments is displayed in the diagram of the first PRC for both cell density ( p ϭ 0.045, Fig. 2A ) and biovolume data ( p ϭ 0.030, Fig. 2B ). Of all the variance in cell density data, 22.5% could be attributed to the sampling date and 18.8% could be attributed to the treatments (43.6% of this variance is displayed on the vertical axis of the first PRC, Fig.  2A) . Of all the variance in biovolume data, 17% could be attributed to the sampling date and 19.6% could be attributed to the treatments (43.9% of this variance is displayed on the vertical axis of the first PRC, Fig. 2B ). Fomesafen and fomesafen-Agral 90 mixture had similar overall effects on the phytoplankton community. With the exception of Chlorophyceae, which were slightly inhibited, all algal groups showed an increase in abundance (either evaluated through cell enumeration or biovolume) in treated mesocosms. The highest positive effect was observed for Cryptophyceae, Cyanobacteria, Dinophyceae, and Bacillariophycaeae with a slightly different pattern according to the type of data analyzed (density vs biovolume). The highest treatment effect was observed on both cell density and biovolume 77 d after the first treatment. The last treatment did not have any effect on the community and recovery occurred rapidly after the end of the treatment period. Recovery was characterized by oscillations of the structure of phytoplankton community.
Environ. Toxicol. Chem. 24, 2005 T. Caquet et al. Taxonomic diversity, as estimated by the value of Margalef's index (Fig. 3A) , significantly varied with time (p ϭ 0.046 for the whole study period). It decreased in control mesocosms during the treatment period, resulting in a statistically significant positive effect (p ϭ 0.045). The effect of the treatments was no more detectable during the post-treatment period (p ϭ 0.179). A statistically significant positive effect of the treatments was observed (p ϭ 0.041) when the data for the whole study period were considered. During the treatment period, Newman-Keuls post hoc test indicated a strong tendency to a higher taxonomic diversity in the treated ponds as compared to the controls (p ϭ 0.04 and p ϭ 0.076 for the mixture-and fomesafen-treated ponds, respectively). The effect of the treatments rapidly disappeared after the end of the treatment period. Changes in the values of the dominance index (Fig. 3B ) with time were not significant (p ϭ 0.544 for the whole study period). Although mean dominance values were high in the control mesocosms during the treatment period, no significant differences were detected (p ϭ 0.127, p ϭ 0.422, and p ϭ 0.293 for the treatment period, post-treatment period, and whole study period, respectively).
Temporal changes in the values of the size index (Fig. 3C ) were not significant (p ϭ 0.153) for the whole study period. This parameter was not affected by the treatments (p ϭ 0.178, p ϭ 0.173, and p ϭ 0.184 for the treatment period, posttreatment period, and whole study period, respectively).
Zooplankton
A total of 20 different zooplankton taxa were identified.
Eight copepod species were present (Macrocyclops albidus, Eucyclops serrulatus, Paracyclops affinis, Acanthocyclops robustus, Megacyclops viridis, Cryptocyclops bicolor, and
Mesocyclops leuckarti for the cyclopoids; Eudiaptomus vulgaris for the calanoids). The Cladocera included six genus (Alona spp., Chydorus spp., Simocephalus spp., Daphnia spp., Diaphanosoma spp., and Scapholeberis spp.); rotifers were assigned to one of three taxonomic groups (Polyarthra vulgaris, Keratella spp., and nonpelagic rotifers).
Adults, copepodites, and nauplii of Eudiaptomus vulgaris were the most abundant taxa in control mesocosm, followed by Keratella spp. and Polyarthra vulgaris. Sampling was stopped in July because of a strong increase in mosquitofish abundance in some mesocosms. The observed irregularity in fish recruitment could have caused a bias in the response of the zooplanktonic community to treatment, due to variable predation pressure of fish upon the biggest zooplankton species (e.g., Cladocera, adults of copepods).
The PRC analysis of zooplankton abundance data showed a highly significant effect of treatment (p ϭ 0.005; Fig. 4) . Of all the variance in the abundance data, 12.5% could be attributed to the sampling date and 23.7% could be attributed to the treatments (62.8% of this variance is displayed on the vertical axis of the first PRC). Fomesafen alone had only a transient effect 56 d after the first treatment, whereas the mixture had a significant effect from 35 d after the first treatment to the end of the treatment period.
Adults and developing stages of calanoid copepods were affected negatively (RM-ANOVA, p ϭ 0.009) in the mixturetreated mesocosms whereas an increase in the abundance of rotifers (RM-ANOVA, p ϭ 0.019) and cyclopoids (RM-AN-OVA, p ϭ 0.002) was observed. The RM-ANOVA did not reveal any significant time-treatment interaction effect. Table 3 summarizes the results of laboratory tests performed on algae with fomesafen, Agral 90, and the mixture of both compounds, at the nominal concentrations used in the mesocosms.
Additional laboratory tests
At the nominal concentration of 40 g/L, fomesafen had a significantly negative effect on the growth of three species: K. vulgaris, S. obliquus, and Cryptomonas sp. At the nominal concentration of 90 g/L, Agral 90 did not have any significant negative effect on the species tested. A statistically significant positive effect (i.e., increase in cell density) was observed in Cryptomonas sp. cultures exposed to Agral 90 alone. A positive significant interaction between fomesafen and Agral 90 was observed only for Cryptomonas sp. cultures treated with the mixture. The adjuvant not only counterbalanced the negative effect of the herbicide, but also stimulated the growth of the algae.
DISCUSSION
This study was designed to assess the influence of Agral 90 on the effects of fomesafen on various components of the planktonic communities in outdoor mesocosms. The results presented in this paper show that fomesafen and fomesafenAgral 90 mixture had similar overall effects on phytoplankton. On the other hand, fomesafen alone did not have any clear effect on zooplankton, whereas treatment by the herbicideadjuvant mixture caused an important shift in the structure of this community.
The values obtained for the physico-chemical parameters and chlorophyll a concentration suggest that the ponds were oligo-mesotrophic. The taxonomic composition of phytoplankton supports this hypothesis because oligotrophic (Merismopedia tenuissima) and mesotrophic (Botryococcus braunii, Oocystis lacustris, Fragilaria crotonensis) indicator species [29, 30] frequently were recorded in the samples. Under such trophic conditions, the relative abundance of algae species mainly is controlled by the outcome of competition phenomena (e.g., competition for nutrients [30] ). In control mesocosms, phytoplankton was dominated by Chlorophyceae that are usually the most abundant algal group in mesotrophic water bodies in late spring and early summer [30] . These algae presumably were used as a food resource by various groups of zooplankton (e.g., pelagic and nonpelagic rotifers, the various development stages of calanoid and cyclopoid copepods, and adults of calanoid copepods), which in turn were predated upon by omnivorous adults of cyclopoid copepods and other predators.
The PRC analysis of phytoplankton density and biovolume data failed to detect effects of both treatments at the species or genus level ( Fig. 2 and Table 2 ). This is due to the fact that the taxonomic composition of algal communities was very different from one pond to another at the beginning of the treatment period, even within a same group (e.g., control ponds). This between-pond heterogeneity may have affected the statistical sensitivity of the study. The effects of the treatments should have been greater to be detected at low levels of taxonomic resolution, but they were high enough to be detected using abundance and biovolume data at the class level.
In the fomesafen-treated ponds, Chlorophyceae were inhibited slightly, whereas the abundance (expressed as both cell density and biovolume) of less sensitive groups increased. The results of additional laboratory tests confirmed that the most sensitive species tested belong to the class of Chlorophyceae. Presumably this is the reason why effects were detected by PRC analysis using the data obtained at the class level in spite of intermesocosm heterogeneity. These results also showed that sensitivity was highly variable between species among this class, and this may explain why Chlorophyceae were not eliminated completely from the treated mesocosms. Such differential sensitivity of algae to various pesticides also has been observed in laboratory experiment [31, 32] and has different origins. For example, algae of the genus Chlorella frequently are less sensitive to pesticides than those of the genus Scenedesmus due to differences in the production of extracellular organic substances [31] . Therefore, changes in the phytoplank-ton community may be attributed both to a direct (e.g., inhibition of Chlorophyceae) and indirect (e.g., replacement of Chlorophyceae by less sensitive algae) effect of fomesafen. Similar changes already have been observed in pesticide-treated experimental ponds (see Fleeger et al. [33] for a review). Fomesafen had no effect on size parameters of phytoplankton, as described by the size index values (Fig. 3C) , because Chlorophyceae were replaced by species of similar size. The absence of effect on the size index of phytoplankton suggests that fomesafen did not induced changes in size-mediated vulnerability of phytoplankton toward zooplanktonic grazers. Fomesafen alone did not have any significant effect on zooplankton with the exception of a transient increase in the abundance of nonpelagic rotifers.
Agral 90 did not influence the effects of fomesafen on phytoplankton because the same response pattern of the community was observed in the ponds treated with the mixture, as compared to those treated with fomesafen alone. The response of algae of the genus Cryptomonas is particular because laboratory data indicated a positive effect of Agral 90 alone.
Cryptomonas are mixotroph organisms that may feed upon bacteria and assimilate dissolved organic carbon [34, 35] . Therefore they may have benefited from the presence of biodegradable compounds such as Agral 90. An increase in the abundance of Cryptophyceae, associated with the decay of killed photosynthetic organisms already has been observed in atrazine-treated pond mesocosms [36, 37] . When our mesocosms were treated with the mixture, a severe decrease in the abundance of the developmental stages and adults of calanoid copepods was observed whereas no effect occurred in fomesafen-treated mesocosms. This may be due to a direct toxic effect of the adjuvant and/or to an enhancement of fomesafen toxicity by the adjuvant. The abundance of other herbivorous groups (e.g., pelagic and nonpelagic rotifers, cyclopoid nauplii, and copepodites) probably increased due to a reduced competition for food. Rotifers tend to have higher threshold food concentrations and lower resistance to starvation than calanoids [38] . Thus, generally they are poor competitors in oligotrophic conditions. Release of the competition pressure associated to the decrease in the abundance of calanoid copepods enhanced their development in the mixture-treated mesocosms. The density of adult omnivorous cyclopoid copepods also increased as a result of a highest availability of algae for herbivorous larval instars, and of preys (e.g., rotifers, nauplii larvae) for the adults. The observed pattern is in accordance with several papers which indicate that the reduction of the dominant large-bodied microcrustacean herbivores favors small grazers and allows the development of subordinate food chains with secondary invertebrate predators, such as carnivorous copepods [39] . Shift in taxonomic composition of zooplankton toward a rotifer-dominated community also is a common feature in mesocosm experiments with pesticides but it usually has been observed with insecticides (see [33, 40] for a review). Positive bottom-up cascading effects of xenobiotics toward planktonic predators as observed in the present study sometimes have been assumed but rarely have been documented [33, 40] . No algal bloom was observed in the ponds treated with the mixture, presumably because of grazing pressure and the low availability of nutrients. The absence of algal proliferation also might be attributed to the replacement of sensitive Chlorophyceae by species with lower growth potential.
These results also show that, in some cases, xenobiotics may enhance the biodiversity of communities through, e.g., a reduction of the abundance of highly dominant species. This phenomenon is comparable to the possible positive effect of natural disturbances of intermediate amplitude or frequency (intermediate disturbance hypothesis [41] ). Various experiments already demonstrated that moderate abiotic perturbations (e.g., water mixing) enhance phytoplankton diversity (e.g., [42] [43] [44] ). The results presented here suggest that herbicides may have similar consequences, provided that a sensitivity gradient exists within phytoplankton. In a number of experiments with mesocosms, herbicides have been shown to induce changes in various physico-chemical parameters, such as pH or dissolved oxygen concentration (e.g., [36] ). These changes likely result from direct toxicity to algae, through, e.g., photosynthesis inhibition. In the present study, both treatments had no significant effects on global physico-chemical characteristics of the water. This is consistent with the observations of Perschbacher et al. [45] who did not detect any changes on dissolved oxygen level in fomesafen-treated ponds (single application; nominal application rate: 43 and 4.3 g/ha). The absence of effect on pH and oxygenation level in this study may be interpreted as a consequence of the replacement of Chlorophyceae by less sensitive algae [46] .
The origin of the differences in the response of planktonic communities between fomesafen-and mixture-treated ponds remains unclear. As shown previously [7] , concentration of fomesafen in water was significantly higher in fomesafen-treated ponds than in mixture-treated mesocosms. Such a difference could be attributed to the surfactant properties of NPnEOs that may have modified the distribution of the herbicide in the ponds. Agral 90 may have favored the accumulation of fomesafen residues at the interfaces (e.g., water-mesocosm wall, water-atmosphere, water-sediment, or water-macrophytes interfaces). No data are available on fomesafen residues in the water column or on the walls of the ponds, but sediment and macrophytes (S. lacustris) were analyzed for fomesafen residues. Concentration values always were below the detection limits (J.P. Cravedi, INRA Xenobiotiques, Toulouse, France, unpublished data). This may be due to either the sensitivity of the analytical techniques (quantification levels in macrophyte and sediment samples were 50 times less than in water samples; J.P. Cravedi, personal communication) or to a rapid degradation of the herbicide in these compartments.
Nevertheless, the concentration of fomesafen in water of the mixture-treated ponds was high enough to produce an inhibition of Chlorophyceae. Alone or in combination with Agral 90, fomesafen had a significant negative impact on phytoplankton; however, the inhibited Chlorophyceae were replaced by other algae of the same size, and recovery occurred rapidly after the end of the contamination period. These results suggest that, under field conditions, the risk of fomesafen for phytoplankton should be low. However, further studies are needed to determine whether the observed replacement of green algae by species belonging to other classes is significant from a functional point of view (e.g., palatability for consumers, photosynthetic efficiency).
According to the procedure currently applied for the registration of plant protection products in the European Union, environmental risk of adjuvants has to be assessed. However, this regulation applies for active ingredients and individual commercial products, not for tank-mixes that are prepared in the field, just before spraying. The results presented here in-dicate that the ecotoxicological effects of mixtures of plant protection products and tank-mix adjuvants on planktonic communities may be different from those of the active ingredient alone, thus suggesting that environmental risk assessment of these substances should refer to real world practices.
